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Determination of muscle forces during motion can help to understand motor control,
assess pathological movement, diagnose neuromuscular disorders, or estimate joint
loads. Difficulty of in vivo measurement made computational analysis become a
common alternative in which, as several muscles serve each degree of freedom,
the muscle redundancy problem must be solved. Unlike static optimization (SO),
synergy optimization (SynO) couples muscle activations across all time frames, thereby
altering estimated muscle co-contraction. This study explores whether the use of
a muscle synergy structure within an SO framework improves prediction of muscle
activations during walking. A motion/force/electromyography (EMG) gait analysis was
performed on five healthy subjects. A musculoskeletal model of the right leg actuated
by 43 Hill-type muscles was scaled to each subject and used to calculate joint
moments, muscle–tendon kinematics, and moment arms. Muscle activations were then
estimated using SynO with two to six synergies and traditional SO, and these estimates
were compared with EMG measurements. Synergy optimization neither improved SO
prediction of experimental activation patterns nor provided SO exact matching of joint
moments. Finally, synergy analysis was performed on SO estimated activations, being
found that the reconstructed activations produced poor matching of experimental
activations and joint moments. As conclusion, it can be said that, although SynO did
not improve prediction of muscle activations during gait, its reduced dimensional control
space could be beneficial for applications such as functional electrical stimulation or
motion control and prediction.
Keywords: static optimization, synergies, gait, muscle forces, EMG validation
INTRODUCTION
Knowledge of muscle forces during human movement could elucidate basic principles of human
motor control (Pierrynowski and Morrison, 1985), facilitate assessment of pathological movement
and diagnosis of neuromuscular disorders, and improve estimation of the loads experienced
by diseased or injured joints (Hardt, 1978). Because in vivo measurement of muscle force is
invasive and impossible for some muscles, computer modeling has become a commonly used
alternative approach (Nagano et al., 2005). However, becausemoremuscles than degrees of freedom
(DOFs) exist in the human musculoskeletal system, an infinite number of recruitment patterns are
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possible mathematically. This problem is often referred to as
the muscle redundancy problem (Damsgaard et al., 2006) or
force-sharing problem (Dul et al., 1984).
The muscle redundancy problem is commonly solved by an
inverse-dynamics optimizationmethod called static optimization
(SO) (Crowninshield, 1978; Ambrósio and Kecskeméthy, 2007;
Shourijeh et al., 2017), which considers muscle activations as
if each muscle was activated independently. However, recent
studies have demonstrated that the central nervous system (CNS)
appears to use muscle synergies to simplify neural control of
movement by coupling muscle activations together (Merkle et al.,
1998; Shourijeh et al., 2016b; Barroso et al., 2017). Synergies
take a high dimensional control space and reduce it to a low
dimensional space, which is potentially useful for reducing
the level of indeterminacy when estimating muscle forces via
optimization. Recent studies have demonstrated the potential
utility of muscle synergies for facilitating motor learning in
healthy and impaired individuals (d’Avella, 2016; Patel et al.,
2017; Togo and Imamizu, 2017; Niu et al., 2019). Nonetheless,
the use of muscle synergy information for neurorehabilitation
remains controversial, as the muscle synergy hypothesis is
difficult to prove or falsify (Tresch and Jarc, 2009; Kutch and
Valero-Cuevas, 2012).
Several studies have used a synergy structure to reduce
the dimensionality of the unknown muscle activation controls
(Neptune et al., 2009; McGowan et al., 2010; Mehrabi et al.,
2019). However, the models used in these studies were limited
to sagittal plane motion and used a reduced number of
muscles because the synergy information was extracted from
electromyographic (EMG) measurements available from only
superficial muscles. In contrast, a recent study applied a
computational approach termed synergy optimization (SynO)
to a three-dimensional walking model possessing 35 muscle–
tendon actuators per leg, where each muscle could be associated
with one of 16 experimentally measured surface or fine-
wire EMG signals (Shourijeh and Fregly, 2020). The model’s
lower body joint motion and muscle–tendon force-generating
properties were personalized to subject walking data using
EMG-driven modeling approach (Meyer et al., 2017). The
authors evaluated how the specified number of synergies affected
estimated lower body joint stiffness and inverse-dynamics
joint moment matching. While results obtained from SynO
were compared with those obtained from SO, experimental
evaluation of the muscle activations predicted by SynO was
not performed. Furthermore, because imposition of a synergy
structure on predicted muscle activations ties all time frames
together, SynO is more complex and slower computationally
than is SO.
This study evaluated whether imposition of a synergy
structure on muscle activations estimated via inverse-dynamics
optimization (i.e., SynO) produces muscle activation estimates
that are more consistent with EMG measurements than
are those produced by traditional SO. Muscle activations
reconstructed by performing synergy analysis on SO activations
were included in the evaluation as well. Muscle activations
and inverse-dynamics joint moment matching from all three
approaches were compared to activations derived from
experimental EMG data and joint moments calculated by
inverse dynamics using data collected from five subjects
performing overground walking. Three-dimensional models of
the subjects were used to perform the evaluation. Comparison
of these three approaches provides insight into the extent
to which, and the conditions under which, imposition of a




Five subjects (four males, one female; aged 42 ± 16 years;
height 178 ± 11 cm; body mass 75 ± 25 kg) were recruited for
this study. All subjects gave written informed consent for their
participation. Subjects walked at their self-selected speed (1.1
± 0.18 m/s) along a walkway with two embedded force plates
(AccuGait, sampling at 100Hz; AMTI, Watertown, MA, USA).
The motion was captured using 12 optical infrared cameras
(OptiTrack FLEX:V100, also sampling at 100Hz; Natural Point,
Corvallis, OR, USA) that computed the position of 37 optical
markers. Additionally, 11 surface EMG signals on the right
leg were recorded at 1 kHz (FREEEMG; BTS, Quincy, MA,
USA). Each EMG signal was rectified, filtered by a singular-
spectrum analysis with a window length of 250 (Romero
et al., 2015) (equivalent to the common forward and reverse
low-pass fifth-order Butterworth filter with a cutoff frequency
of 15Hz) and then normalized with respect to its maximal
value as recommended in Raison et al. (2011). This cutoff
frequency value is consistent with the ranges reported in previous
studies using EMG data (Buchanan et al., 2004; Raison et al.,
2011).
Musculoskeletal Model Creation
The human body was modeled as a three-dimensional multibody
system formed by rigid bodies (Figure 1, left and center).
The model consisted of 18 anatomical segments (Lugrís et al.,
2013b): two hindfeet, two forefeet, two shanks, two thighs,
a pelvis, a torso, a neck, a head, two arms, two forearms,
and two hands. The segments were linked by ideal spherical
joints, thus defining a model with 57 DOFs. The axes of
the global reference frame were defined as follows: x-axis
in the anterior–posterior direction, y-axis in the medial–
lateral direction, and z-axis in the vertical direction. The
computational model was defined with 228 mixed (natural
+ angular) coordinates. The subset of natural coordinates
comprised the three Cartesian coordinates of 22 points and the
three Cartesian components of 36 unit vectors, thus yielding a
total of 174 variables.
Matrix-R formulation (García de Jalón and Bayo, 1994)
was applied to obtain the joint torques along the motion
using the in-house–developed MBSLIM library (Dopico et al.,
2016) programmed in FORTRAN, as described in Lugrís
et al. (2013a). Once the joint torques were computed, we
assumed that 43 right leg muscles contributed to six right leg
inverse-dynamics moments: three rotational DOFs at the hip,
the flexion/extension DOF at the knee, and the plantar/dorsi
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FIGURE 1 | Three-dimensional human model and detail of muscles on the right leg.
flexion and internal/external rotation at the ankle. Muscles
were modeled as one or more straight-line segments with
via points. These points corresponded to the attachments of
muscle and tendon to bone and were defined as the origin
(i.e., proximal attachment) and insertion (i.e., distal attachment).
Muscle properties and local coordinates for these points were
obtained from OpenSim (model Gait2392) (Delp et al., 2007)
and scaled to each subject from the generic reference OpenSim
model. Length parameters (optimal muscle fiber length and
tendon slack length) were scaled, for each muscle, with a
scale factor calculated as the relation between the subject’s
musculotendon length in a standing position and that of
the generic model in the same position. Muscle forces were
calculated from optimization-predicted muscle activations using
a custom Hill-type rigid tendon–muscle model (Zajac, 1989)
developed in MATLAB (MathWorks, Natick, MA, USA) (De
Groote et al., 2016). For slow activities such as walking,
use of a rigid tendon model is justifiable because it gives
nearly identical muscle force estimates to those produced by
a compliant tendon model (De Groote et al., 2016; Michaud,
2020). We assumed that not calibrating the positions and
orientations of the joint functional axes in the leg model likely
affected inverse-dynamics joint moment calculations (Reinbolt
et al., 2007), which in turn likely affected muscle activation
calculations. Moreover, not having a process for calibrating
Hill-type muscle–tendon model properties likely affected the
estimated muscle activations (Serrancolí et al., 2016). However,
all the methods proposed in this work were used with the
same limitations.
Muscle Activation Estimation Approaches
Using this human body model, we explored three approaches
for estimating muscle activations and quantified how closely
each one reproduced experimental muscle EMG data. For
the first approach, muscle activations were estimated using
SynO. For the second approach, traditional SO was used.
For the third approach, non-negative matrix factorization
(NMF) was performed on the SO activations, and then muscle
activation estimates were constructed from the synergies. For
each approach, inverse-dynamics joint moment matching was
quantified using the total variance account (VAF), whereas
EMG matching was quantified via cross correlation using the
Pearson correlation coefficient r (MATLAB’s function corrcoef )
with a maximum time delay of 100ms (Shourijeh et al.,
2016a). The correlation coefficient r was chosen to compare
muscle activations and EMG data so as to focus on shape
differences (between the activation patterns, the activation/no-
activation areas) rather than magnitude differences, as there is
no direct relationship between EMG amplitude and muscle force
amplitude (Hof, 1997; Buchanan et al., 2004). Each of the three
approaches for estimating muscle activations is described in
greater detail below.
Synergy Optimization
The SynO approach used in Shourijeh and Fregly (2020)
estimates muscle forces during human walking using synergy-
constructed muscle activations, similar to the more complex
approach in Gopalakrishnan et al. (2014). Synergy optimization
finds muscle forces that match the inverse-dynamics joint
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moments as closely as possible through the moment tracking
error term in the cost function. In SynO, synergies couple muscle
activations across time frames, requiring the optimization to be
performed over all the time frames simultaneously as follows:
af xm = Cf xnS (Cp)VnS×m (1)
where Cf xnS (Cp) and VnS×m are the time-varying synergy
activations defined by B-spline nodes and the corresponding
time-invariant synergy vectors, respectively. Each muscle
activation synergy was composed of a single time-varying
synergy activation defined by p = (f – 1)/5 + 1 (nearest integer,
f = number of frames) B-spline nodal points along with its
corresponding time-invariant synergy vector defined by m = 43
weights specifying intermuscle activation coupling. Thus, for nS
synergies (nS = 2 through 6), the number of design variables was
nS × (p + m). Muscle synergy quantities were used as the design
variables for SynO. On the other hand, the six joint moments
multiplied by the f time frames led to 6f equations from inverse-
dynamics joint moment matching. Therefore, the optimization
problem was theoretically overdetermined. However, in practice,
the problems remained underdetermined because neighboring
time frames are not completely independent from one another.
































where aij is the synergy-based muscle activation, and λij,pen =
{
0 0 ≤ aij ≤ 1
105 otherwise
are penalization factors for muscle i at the
time frame j to ensure that muscle activations stay between zero
and one. β = 100 is a scale factor to give more importance to the
FIGURE 2 | Block diagram of SynO and combined SO-NMF approaches. QMT is the vector of the intersegmental moments driven by muscles, J is the Jacobian
matrix of moment arms, lMTand vMT are, respectively, the length and velocity of the musculotendons. FMT , and a represent the estimated muscular forces and
activations; H, the single time-varying synergy activation; and W, the time-invariant synergy vector. QMT∗, FMT∗, and a∗ are the reconstructed intersegmental
moments, muscular forces, and activations.
TABLE 1 | Mean correlation VAF values across subjects between intersegmental moments calculated by inverse-dynamics and (i) joint intersegmental moments from
SynO, (ii) joint intersegmental moments from NMF with SO, for n synergies (n = 2 through 6) for the five subjects.
Mean VAF values across subjects for joint intersegmental moment matching
Two synergies Three synergies Four synergies Five synergies Six synergies SO
SynO SO-NMF SynO SO-NMF SynO SO-NMF SynO SO-NMF SynO SO-NMF
Hip abd/add. 91.25 73.36 96.63 86.19 98.91 85.31 99.39 92.59 99.79 92.73 100.00
Hip flex/ext. 92.99 78.16 97.90 94.29 98.95 95.13 99.70 93.76 99.80 97.67 100.00
Hip int/ext rot. 94.45 24.99 97.83 26.84 98.80 35.75 99.73 54.08 99.85 49.05 100.00
Knee flex/ext. 92.80 35.61 96.42 52.74 98.19 88.62 99.38 87.62 99.70 92.50 100.00
Ankle int/ext rot. 75.59 52.64 91.99 51.59 98.29 68.74 99.81 80.12 99.87 85.59 100.00
Plantar/dorsi flex. 91.87 75.04 95.80 80.70 98.17 84.98 98.93 91.69 99.69 91.02 100.00
Mean across joints 89.82 56.63 96.10 65.39 98.55 76.42 99.49 83.31 99.78 84.76 100.00
(VAF <95% is considered not good enough, in red).
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minimization of the error between QID
k
, the vector of the inverse-
dynamics joint moments for the kth DOF, and QMT
k
, the joint
moments produced by the muscle forces estimated by SynO. A
broad range of β values (1, 10, 50, 100, 200, 500, and 1,000) was
explored, and similar to Ou (2012), the best compromise between
joint moment tracking and activation minimization was a value
of 100.
The objective function was programmed as a Fortran mex
file to reduce computation time (16 times faster than the
original MATLAB function). Linear equality constraints made
the sum of weights within each synergy vector equal to one,
which made the synergy construction unique, whereas lower-
bound constraints made the synergy activation B-spline nodes
and synergy vector weights non-negative. Synergy optimization
problems were solved using MATLAB’s fmincon non-linear
constrained optimization algorithm. Five global optimizations
were run using MATLAB’s ga genetic optimization algorithm
with a population size of 50, providing random initial guesses for
fmincon. The SynO’s solution with the lowest objective function
value was chosen as the final solution.
FIGURE 3 | Intersegmental moments from SynO for n synergies (n = 2 through 6) vs. intersegmental moments calculated by inverse dynamics for one subject.
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Static Optimization
In contrast to SynO, SO’s muscle activations are independent
between time frames, allowing the optimization to be performed
one time frame at a time. Static optimization was run for
the same conditions as SynO (Figure 2) using the same solver
fmincon and carrying out five global optimizations to obtain
the initial guess for the initial time point. Thereafter, as
muscle activation is normally smooth and continuous during
gait, the optimal solution from the previous time frame was
used as the initial guess for the current time frame (e.g.,
Shourijeh et al., 2017). Unlike SynO, SO finds muscle forces
that perfectly reproduce the inverse-dynamics joint moments (in
the absence of reserve actuators) through equality constraints.
Both optimization approaches were evaluated based on their
ability to reproduce the inverse-dynamics joint moments and
the shapes of the experimentally measured muscle excitations.
In contrast to SynO, SO reproduces inverse-dynamics joint
moments perfectly through its equality constraints, which
FIGURE 4 | Intersegmental moments from SO and NMF for n synergies (n = 2 through 6) vs. intersegmental moments calculated by inverse dynamics for one subject.
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can be viewed as a high-penalty weight in an unconstrained
optimization cost function.
Identification of Muscle Synergies From
Static Optimization
To extract a synergy structure from the SO results, we used NMF






where a∗ is the vector of the reconstructed muscular activations,
Hi is the single time-varying synergy activation, and Wi is the
corresponding time-invariant synergy vector for each of the n
synergies (n = 2 through 6). MATLAB nnmf was modified to
constrain the norm-1 of each synergy vector to one to have
the same constraint as SynO. Finally, using the rigid tendon
Hill-type muscle model, the reconstructed muscle forces and
corresponding intersegmental joint moments were derived from
a∗. This approach was called SO-NMF in this work.
In what follows, it will be first checked that muscles
produce acceptable joint moments, and then the three different
approaches will be evaluated by comparing the predicted muscle
activations obtained with experimental EMG data.
RESULTS
The joint moments obtained from SynO using two through
six synergies matched the inverse-dynamics joint moments well
(Table 1, Figure 3). The worst match was produced when using
only two synergies, although the model was still able to match
the inverse-dynamics joint moments closely (mean VAF of 85%).
With three synergies, the mean VAF obtained was higher than
FIGURE 5 | Normalized muscle activations obtained for one subject from SynO and n synergies (n = 2 through 6) vs. normalized EMG.
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TABLE 2 | Mean across subjects correlation coefficient r values between EMG measurements and (i) muscular activations from SynO, (ii) muscular activations from NMF
with SO, for n synergies (n = 2 through 6) of the five subjects (r < 0.4, in red, is considered poor, and r ≥ 0.6, in green, is considered good).
Pearson correlation coefficient r between across-subject mean EMG vs. muscle activations
Two synergies Three synergies Four synergies Five synergies Six synergies SO
SynO SO-NMF SynO SO-NMF SynO SO-NMF SynO SO-NMF SynO SO-NMF
R. tibialis anterior 0.58 0.52 0.59 0.75 0.56 0.75 0.56 0.74 0.69 0.76 0.69
R. vastus medialis 0.84 0.74 0.61 0.84 0.68 0.74 0.68 0.75 0.73 0.76 0.71
R. rectus femoris 0.53 −0.07 0.52 −0.09 0.25 −0.02 0.08 −0.06 0.16 −0.05 −0.04
R. vastus lateralis 0.72 0.74 0.75 0.82 0.65 0.80 0.54 0.78 0.73 0.79 0.74
R. adductor magnus middle 0.48 0.54 0.43 0.71 0.52 0.51 0.57 0.56 0.57 0.56 0.52
R. gastrocnemius medial 0.72 0.80 0.87 0.71 0.77 0.67 0.70 0.69 0.75 0.67 0.60
R. gastrocnemius lateral 0.57 0.72 0.76 0.77 0.67 0.66 0.70 0.70 0.64 0.71 0.57
R. semitendinosus 0.36 0.73 0.58 0.89 0.53 0.66 0.66 0.67 0.50 0.60 0.57
R. biceps femoris long head 0.72 0.69 0.57 0.85 0.51 0.79 0.50 0.80 0.54 0.86 0.84
R. gluteus maximus middle 0.74 0.71 0.71 0.86 0.71 0.90 0.84 0.92 0.87 0.92 0.91
R. gluteus medius middle 0.25 0.39 0.45 0.41 0.36 0.40 0.48 0.42 0.38 0.43 0.44
Mean 0.59 0.60 0.62 0.68 0.56 0.62 0.57 0.64 0.59 0.64 0.60
TABLE 3 | Mean correlation coefficient R2-values between muscular activations
calculated by SO and SO-NMF for n synergies (n = 2 through 6).











a vs. a* 0.44 0.56 0.75 0.83 0.87
96% for all the subjects. Between four and six synergies, VAF
values were 98% or higher.
While SO exactly reproduced the inverse-dynamics joint
moments through its equality constraints, SO-NMF’s muscular
activations with two through six synergies matched the
experimental inverse-dynamics joint moments poorly (Table 1,
Figure 4). With two and three synergies, matches for some joint
moments were worse than 50% VAF, and the mean match was
lower than 70%. Between four and six synergies, mean VAF
values were between 76% (with four synergies) and 90% (with six
synergies), and some joint moments remained <80%.
Comparison of muscle activations estimated using SynO with
experimental EMGmeasurements showed significant differences
when the number of synergies was increased (example in
Figure 5 for one of the subjects). Activations estimated by SynO
became more similar to those estimated by SO as the number
of synergies was increased. However, the mean correlations
r between estimated muscle activations and measured EMG
patterns for the five subjects did not present such differences
(Table 2). Mean values of the different approaches were close,
between 0.56 (four synergies) and 0.62 (six synergies) for SynO
and 0.60 for SO.
Reconstructed muscle activations obtained using SO-NMF
poorly matched the activations estimated using SO (Table 3,
Figure 6). Using only two synergies, a mean r2 correlation
of 0.44 was obtained for the 43 muscles, and a maximum
correlation of 0.87 was obtained with six synergies. However,
while reconstructed muscle activations and reconstructed
joint moments showed low correlations with SO results,
correlations between experimental EMG patterns and the newly
reconstructed activations showed better mean values. The best
correlations were obtained using three synergies, with a mean
value of 68%. From two to six synergies, the correlations varied
between 60 and 68%, giving similar or better results than those
obtained using SO estimated activations.
The extracted synergies were significantly different between
SynO and SO-NMF. With a reduced number of synergies, the
SO-NMF method poorly reproduced the muscle activations
calculated by SO (Table 3) by prioritizing muscles with higher
activations, whereas SynO offered a better correlation and more
homogenous solution.
Finally, the computational efficiency of the different
approaches studied in this work was compared in Table 4. All
calculations were performed on an Intel R© CoreTM i7-6700K
processing running at 4.00 GHz with 16 GB of RAM, and all
functions (except the objective function of SynO programmed in
amex file) were programmed inMATLAB using the optimization
function fmincon without parallelization. Computation time
increased significantly with the number of synergies and with SO
clearly being the fastest method, requiring a mean duration of 2 s
to solve a complete gait cycle of∼1 s. The NMF analysis required
∼1 s in MATLAB.
DISCUSSION
This work analyzed whether a recent synergy-based approach
used to solve the muscle force sharing problem, called SynO
(Shourijeh and Fregly, 2020), can improve estimation of muscle
activations during gait. In addition to comparing the correlations
between estimated activations obtained by SO and SynO for
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FIGURE 6 | Normalized muscle activations obtained for one subject from SO and NMF with n synergies (n = 2 through 6) vs. normalized EMG.
five healthy subjects, we explored the reliability of predicting
muscle activations by applying NMF to SO’s muscle activations.
Increasing the number of synergies from two until six in
SynO had minimal influence on the model’s ability to match
inverse-dynamics joint moments closely. On the other hand,
reconstructed joint moments from SO combined with NMF
matched inverse-dynamics joint moments poorly, because unlike
SynO, NMF does not take into account any joint moment
information. Consequently, the resulting joint moments would
produce a new motion, different from the original one.
Muscle activations obtained from SynO using two through
six synergies exhibited visually different shapes, as reported
previously by Shourijeh and Fregly (2020). Increasing the
number of synergies implies increasing the number of design
variables, thus allowing more freedom in the behavior of muscle
activations. For this reason, SO presented results closer to SynO
with six synergies. The same observations can bemade with NMF
when varying the number of synergies (Figure 6).
The highest muscle activations were observed for two
synergies (blue line), which generated higher co-contraction
when seeking to match the intersegmental moments, which
would likely produce higher joint stiffness (Shourijeh and Fregly,
2020). Individuals with neurological disorders such as stroke or
Parkinson’s disease often use a lower number of muscle synergies
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TABLE 4 | Mean computational time for SO and SynO with n synergies (n = 2
through 6) of the five subjects.
SynO2 SynO3 SynO4 SynO5 SynO6 SO
Computational time (s) 80 115 196 317 587 2
than do healthy individuals (Clark et al., 2009; Rodriguez
et al., 2013). Consequently, individuals with these disorders may
generate higher stiffness to maintain stability and reject walking
disturbances (Rinalduzzi et al., 2015; Kitatani et al., 2016).
Correlations observed in Table 2 are reasonable in general,
with mean r values for the five subjects varying between 0.56
and 0.68. Surprisingly, no significant differences were observed
for different numbers of synergies. The poorest results were
obtained for the rectus femoris and the gluteus medius. Crosstalk
(Jungtäubl et al., 2018) may explain the low correlation for these
muscles, especially rectus femoris. Comparing the rectus femoris
EMG signal with the vastus intermedius (muscle located under
the rectus femoris) estimated activation resulted in a higher
correlation (from 0.25 to 0.61). Furthermore, EMG correlations
produced by SynO (two through six synergies) were essentially
the same as than those produced by SO. Despite its higher
dimensional control space, SO produced a mean correlation
coefficient of 0.60, whereas SynO correlations ranged from 0.56
to 0.62.
Strangely, the reconstructed activations from SO-NMF
matched EMG better than did the original activations from
SO. However, the reconstructed inverse-dynamics joint moments
showed a poor correlation VAF (between 56 and 85%), thus
producing an inconsistent actuation. This might have been
caused by the use of a reduced number of components when
obtaining the synergy information through NMF for a large
number of muscles.
Synergy optimization constructs the activation from
optimized synergy activations (C) and synergy weights vectors
(V) (Equation 1), whereas NMF, by definition, decomposes a
signal into C and V. Consequently, the extracted synergies and
reconstructed activations were significantly different between
SynO and SO-NMF.
For SynO as well as for SO-NMF, the best correlations with
experimental EMG patterns were obtained using three synergies.
As mean intersegmental moment matching with three synergies
was good using SynO (96.1% in Table 1, although the matching
of the internal/external rotation moment at the ankle was only
92.0%), it appears that the CNS could control one leg during gait
using only three synergies. Olree and Vaughan (1995) recorded
EMG signals bilaterally from eight leg muscles and also showed
that three basic patterns could account for the locomotion
activity of these muscles. However, based on EMG activity
analysis of 16 unilateral leg muscles (Winter and Yack, 1987),
Davis and Vaughan (1993) and Ivanenko et al. (2004) concluded,
respectively, that four and five patterns could be necessary. As
explained in Banks et al. (2017) and Steele et al. (2013), variations
in methodological choices, as unilateral or bilateral analysis,
selected muscles, EMG processing, or computational method,
may generate different results. Therefore, it is difficult to conclude
what number of synergies is used by the CNS during gait. In this
work, although only one leg was studied, it would be interesting
to explore how many bilateral synergies would be found using
SynO when studying both legs together, especially in the case of
unilateral stroke (Sainburg et al., 2013; Coscia et al., 2015).
In conclusion, this study evaluated the ability of the
SynO approach to predict muscle activations obtained from
experimental EMG measurements during gait and found that
three synergies are theoretically enough to control leg muscles
during gait. However, no significant differences in ability to
predict experimental EMG patterns were found between SynO
with n synergies (n = 2 through 6) and SO; thus, neither
approach can be considered preferable for this purpose. While
SO is computationally faster and requires muscle forces to
match inverse-dynamics joint moments through constraints,
extraction of synergies by NMF from SO’s results generated new
intersegmental joint moments that were inconsistent with the
experimental jointmoments. Because the use of synergy structure
does not show improvements with respect to the commonly
used SO, observations made by Kutch and Valero-Cuevas (2012)
could explain our results. The SynO approach offers reasonable
prediction of muscle activations using an imposed synergy
structure and reduced dimensional control space and could be
useful for applications such as functional electrical stimulation
and motion control and prediction.
DATA AVAILABILITY STATEMENT
The datasets generated for this study are available on request to
the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and
approved by the Committee of Ethics of the University of
A Coruña. The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
BF and MS developed the SynO approach. FM designed and
performed the experiments, derived themodels, and analyzed the
data with the supervision of BF, MS, and JC. FM, BF, MS, and JC
wrote the manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING
This work was funded by the Spanish MICIU under project
PGC2018-095145-B-I00, co-financed by the EU through the
EFRD program, and by the Galician Government under grant
ED431C2019/29. Moreover, FM would like to acknowledge the
support of the Spanish MINECO by means of the doctoral
research contract BES-2016-076901, co-financed by the EU
through the ESF program.
Frontiers in Computational Neuroscience | www.frontiersin.org 10 July 2020 | Volume 14 | Article 54
Michaud et al. Muscle Synergies Optimization
REFERENCES
Ambrósio, J. A., and Kecskeméthy, A. (2007). Multibody dynamics of
biomechanical models for human motion via optimization. Multibody Dyn. 4,
245–272. doi: 10.1007/978-1-4020-5684-0_12
Banks, C. L., Pai, M. M., McGuirk, T. E., Fregly, B. J., and Patten, C. (2017).
Methodological choices in muscle synergy analysis impact differentiation of
physiological characteristics following stroke. Front. Comput. Neurosci. 11:78.
doi: 10.3389/fncom.2017.00078
Barroso, F. O., Torricelli, D., Molina-Rueda, F., Alguacil-Diego, I. M., Cano-
de-la-Cuerda, R., Santos, C., et al. (2017). Combining muscle synergies and
biomechanical analysis to assess gait in stroke patients. J. Biomech. 63, 98–103.
doi: 10.1016/j.jbiomech.2017.08.006
Buchanan, T. S., Lloyd, D. G., Manal, K., and Besier, T. F. (2004).
Neuromusculoskeletal modeling: estimation of muscle forces and joint
moments and movements from measurements of neural command. J. Appl.
Biomech. 20, 367–395. doi: 10.1123/jab.20.4.367
Clark, D. J., Ting, L. H., Zajac, F. E., Neptune, R. R., and Kautz, S. A. (2009).
Merging of healthy motor modules predicts reduced locomotor performance
andmuscle coordination complexity post-stroke. J. Neurophysiol. 103, 844–857.
doi: 10.1152/jn.00825.2009
Coscia, M., Monaco, V., Martelloni, C., Rossi, B., Chisari, C., andMicera, S. (2015).
Muscle synergies and spinal maps are sensitive to the asymmetry induced by a
unilateral stroke. J. Neuroeng. Rehabil. 12:39. doi: 10.1186/s12984-015-0031-7
Crowninshield, R. D. (1978). Use of optimization techniques to predict muscle
forces. J. Biomech. Eng. 100, 88–92. doi: 10.1115/1.3426197
Damsgaard, M., Rasmussen, J., Christensen, S. T., Surma, E., and De Zee, M.
(2006). Analysis of musculoskeletal systems in the anybody modeling system.
Simul. Model. Pract. Theory 14, 1100–1111. doi: 10.1016/j.simpat.2006.09.001
d’Avella, A. (2016). Modularity for motor control andmotor learning BT - progress
in motor control: theories and translations. eds J. Laczko and M. L. Latash
(Cham: Springer International Publishing), 3–19.
Davis, B. L., and Vaughan, C. L. (1993). Phasic behavior of EMG signals
during gait: use of multivariate statistics. J. Electromyogr. Kinesiol. 3, 51–60.
doi: 10.1016/1050-6411(93)90023-P
De Groote, F., Kinney, A. L., Rao, A. V., and Fregly, B. J. (2016).
Evaluation of direct collocation optimal control problem formulations for
solving the muscle redundancy problem. Ann. Biomed. Eng. 44, 2922–2936.
doi: 10.1007/s10439-016-1591-9
García de Jalón J., and Bayo E. (1994). Kinematic and Dynamic Simulation of
Multibody Systems. Berlin: Springer-Verlag. doi: 10.1007/978-1-4612-2600-0
Delp, S. L., Anderson, F. C., Arnold, A. S., Loan, P., Habib, A., John, C.
T., et al. (2007). OpenSim: open-source software to create and analyze
dynamic simulations of movement. IEEE Trans. Biomed. Eng. 54, 1940–1950.
doi: 10.1109/TBME.2007.901024
Dopico, D., Luaces, A., Lugrs, U., Saura, M., Gonzlez, F., Sanjurjo, E., et al. (2016).
MBSLIM:multibody Systems En Laboratorio de IngenieríaMecánica. Available
Online at: http://lim.ii.udc.es/MBSLIM (accessed November, 2019).
Dul, J., Townsend, M. A., Shiavi, R., and Johnson, G. E. (1984). Muscular
synergism—I. on criteria for load sharing between synergistic muscles. J.
Biomech. 17, 663–673. doi: 10.1016/0021-9290(84)90120-9
Gopalakrishnan, A., Modenese, L., and Phillips, A. (2014). A novel computational
framework for deducing muscle synergies from experimental joint moments.
Front. Comput. Neurosci. 8:153. doi: 10.3389/fncom.2014.00153
Hardt, D. E. (1978). Determining muscle forces in the leg during normal human
walking - an application and evaluation of optimization methods. J. Biomech.
Eng. 100, 72–78. doi: 10.1115/1.3426195
Hof, A. L. (1997). The Relationship between electromyogram and muscle force.
Sportverletz. Sportschaden 11, 79–86. doi: 10.1055/s-2007-993372
Ivanenko, Y. P., Poppele, R. E., and Lacquaniti, F. (2004). Five basic muscle
activation patterns account for muscle activity during human locomotion. J.
Physiol. 556, 267–282. doi: 10.1113/jphysiol.2003.057174
Jungtäubl, D., Spicka, J., Aurbach, M., Süß, F., Melzner, M., and
Dendorfer, S. (2018). “EMG-based validation of musculoskeletal models
considering crosstalk,” in Proceedings Biomdlore (Białystok), 28–30.
doi: 10.1109/BIOMDLORE.2018.8467211
Kitatani, R., Ohata, K., Sato, S., Watanabe, A., Hashiguchi, Y., Yamakami, N.,
et al. (2016). Ankle muscle coactivation and its relationship with ankle
joint kinematics and kinetics during gait in hemiplegic patients after stroke.
Somatosens. Mot. Res. 33, 79–85. doi: 10.1080/08990220.2016.1178636
Kutch, J. J., and Valero-Cuevas, F. J. (2012). Challenges and new approaches to
proving the existence of muscle synergies of neural origin. PLoS Comput. Biol.
8:e1002434. doi: 10.1371/journal.pcbi.1002434
Lugrís, U., Carlín, J., Luaces, A., and Cuadrado, J. (2013a). Gait analysis
system for spinal cord-injured subjects assisted by active orthoses and
crutches. Proc. Inst. Mech. Eng. Part K J Multi-Body Dyn. 227, 363–374.
doi: 10.1177/1464419313494935
Lugrís, U., Carlín, J., Pàmies-Vilà, R., Font-Llagunes, J. M., and Cuadrado, J.
(2013b). Solution methods for the double-support indeterminacy in human
gait.Multibody Syst. Dyn. 30, 247–263. doi: 10.1007/s11044-013-9363-x
McGowan, C. P., Neptune, R. R., Clark, D. J., and Kautz, S. A. (2010). Modular
control of human walking: adaptations to altered mechanical demands. J.
Biomech. 43, 412–419. doi: 10.1016/j.jbiomech.2009.10.009
Mehrabi, N., Schwartz, M. H., and Steele, K. M. (2019). Can altered
muscle synergies control unimpaired gait? J. Biomech. 90, 84–91.
doi: 10.1016/j.jbiomech.2019.04.038
Merkle, L. A., Layne, C. S., Bloomberg, J. J., and Zhang, J. J. (1998). Using
factor analysis to identify neuromuscular synergies during treadmill walking.
J. Neurosci. Methods 82, 207–214. doi: 10.1016/S0165-0270(98)00054-5
Meyer, A. J., Patten, C., and Fregly, B. J. (2017). Lower extremity EMG-driven
modeling of walking with automated adjustment of musculoskeletal geometry.
PLoS ONE 12:e0179698. doi: 10.1371/journal.pone.0179698
Michaud, F. (2020). Neuromusculoskeletal Human Multibody Models for the Gait
of Healthy and Spinal-Cord-Injured Subjects. Ferrol: University of A Coruña.
Nagano, A., Komura, T., Fukashiro, S., and Himeno, R. (2005). Force,
work and power output of lower limb muscles during human maximal-
effort countermovement jumping. J. Electromyogr. Kinesiol. 15, 367–376.
doi: 10.1016/j.jelekin.2004.12.006
Neptune, R. R., Clark, D. J., and Kautz, S. A. (2009). Modular control
of human walking: a simulation study. J. Biomech. 42, 1282–1287.
doi: 10.1016/j.jbiomech.2009.03.009
Niu, C. M., Bao, Y., Zhuang, C., Li, S., Wang, T., Cui, L., et al. (2019). Synergy-
based FES for post-stroke rehabilitation of upper-limb motor functions. IEEE
Trans. Neural Syst. Rehabil. Eng. 27, 256–264. doi: 10.1109/TNSRE.2019.28
91004
Olree, K. S., and Vaughan, C. L. (1995). Fundamental patterns of bilateral
muscle activity in human locomotion. Biol. Cybern. 73, 409–414.
doi: 10.1007/BF00201475
Ou, Y. (2012). An Analysis of Optimization Methods for Identifying Muscle Forces
in Human Gait. Essen: Universität Duisburg-Essen.
Patel, V., Craig, J., Schumacher, M., Burns, M. K., Florescu, I., and Vinjamuri, R.
(2017). Synergy repetition training versus task repetition training in acquiring
new skill. Front. Bioeng. Biotechnol. 5:9. doi: 10.3389/fbioe.2017.00009
Pierrynowski, M. R., and Morrison, J. B. (1985). a physiological model for the
evaluation of muscular forces in human locomotion: theoretical aspects.Math.
Biosci. 75, 69–101. doi: 10.1016/0025-5564(85)90067-7
Raison, M., Detrembleur, C., Fisette, P., and Samin, J. C. (2011). Assessment of
antagonistic muscle forces during forearm flexion/extension. Comput. Methods
Appl. Sci. 23, 215–238. doi: 10.1007/978-90-481-9971-6_11
Reinbolt, J. A., Haftka, R. T., Chmielewski, T. L., and Fregly, B. J. (2007).
Are patient-specific joint and inertial parameters necessary for accurate
inverse dynamics analyses of gait? IEEE Trans. Bio-Med. Eng. 54, 782–793.
doi: 10.1109/TBME.2006.889187
Rinalduzzi, S., Trompetto, C., Marinelli, L., Alibardi, A., Missori, P., Fattapposta,
F., et al. (2015). Balance dysfunction in Parkinson’s disease. Biomed Res. Int.
2015:434683. doi: 10.1155/2015/434683
Rodriguez, K. L., Roemmich, R. T., Cam, B., Fregly, B. J., and Hass,
C. J. (2013). Persons with Parkinson’s disease exhibit decreased
neuromuscular complexity during gait. Clin. Neurophysiol. 124, 1390–1397.
doi: 10.1016/j.clinph.2013.02.006
Romero, F., Alonso, F. J., Cubero, J., and Galán-Marín, G. (2015). An
automatic SSA-based de-noising and smoothing technique for surface
electromyography signals. Biomed. Signal Process. Control 18, 317–324.
doi: 10.1016/j.bspc.2015.02.005
Sainburg, R. L., Good, D., and Przybyla, A. (2013). Bilateral synergy: a framework
for post-stroke rehabilitation. J. Neurol. Transl. Neurosci. 1:1025
Frontiers in Computational Neuroscience | www.frontiersin.org 11 July 2020 | Volume 14 | Article 54
Michaud et al. Muscle Synergies Optimization
Serrancolí, G., Kinney, A. L., Fregly, B. J., and Font-Llagunes, J. M. (2016).
Neuromusculoskeletal model calibration significantly affects predicted knee
contact forces for walking. J. Biomech. Eng. 138: 0810011–08100111.
doi: 10.1115/1.4033673
Shourijeh, M. S., Flaxman, T. E., and Benoit, D. L. (2016b). An approach
for improving repeatability and reliability of non-negative matrix
factorization for muscle synergy analysis. J. Electromyogr. Kinesiol. 26,
36–43. doi: 10.1016/j.jelekin.2015.12.001
Shourijeh, M. S., and Fregly, B. J. (2020). Muscle synergies modify static
optimization estimates of joint stiffness during walking. J. Biomech. Eng. 142.
doi: 10.1115/1.4044310
Shourijeh, M. S., Mehrabi, N., and McPhee, J. (2017). Forward static optimization
in dynamic simulation of human musculoskeletal systems: a proof-of-
concept study. J. Comput. Nonlin. Dyn. 12:051005. doi: 10.1115/1.40
36195
Shourijeh, M. S., Smale, K. B., Potvin, B. M., and Benoit, D. L. (2016a). A forward-
muscular inverse-skeletal dynamics framework for human musculoskeletal
simulations. J. Biomech. 49, 1718–1723. doi: 10.1016/j.jbiomech.2016.
04.007
Steele, K. M., Tresch, M. C., and Perreault, E. J. (2013). The number and choice of
muscles impact the results of muscle synergy analyses. Front. Comput. Neurosci.
7:105. doi: 10.3389/fncom.2013.00105
Tresch, M. C., and Jarc, A. (2009). The case for and against muscle synergies. Curr.
Opin. Neurobiol. 19:601–607. doi: 10.1016/j.conb.2009.09.002
Togo, S., and Imamizu, H. (2017). Empirical evaluation of voluntarily
activatable muscle synergies. Front. Comput. Neurosci. 11:82.
doi: 10.3389/fncom.2017.00082
Winter, D. A., and Yack, H. J. (1987). EMG profiles during normal human
walking: stride-to-stride and inter-subject variability. Electroencephalogr. Clin.
Neurophysiol. 67, 402–411. doi: 10.1016/0013-4694(87)90003-4
Zajac, F. E. (1989). Muscle and tendon: properties, models, scaling, and application
to biomechanics and motor control. Crit. Rev. Biomed. Eng. 17:359–411.
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Michaud, Shourijeh, Fregly and Cuadrado. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Computational Neuroscience | www.frontiersin.org 12 July 2020 | Volume 14 | Article 54
